Tirapazamine (TPZ), a bioreductive drug with selective toxicity for hypoxic cells in tumors, is currently in Phase III clinical trials. It has been suggested to have a dual mechanism of action, both generating DNA radicals and oxidizing these radicals to form DNA breaks; whether the second (radical oxidation) step is rate-limiting in cells is not known. In this study we exploit the DNA radical oxidizing ability of the 1-N-oxide metabolite of TPZ, SR 4317, to address this question. SR 4317 at high, but nontoxic, concentrations potentiated the hypoxic (but not aerobic) cytotoxicity of TPZ in all four of the human tumor cell lines tested (HT29, SiHa, FaDu, and A549), thus providing a 2-3-fold increase in the hypoxic cytotoxicity ratio. In potentiating TPZ, SR 4317 was 20-fold more potent than the hypoxic cell radiosensitizers misonidazole and metronidazole but was less potent than misonidazole as a radiosensitizer, suggesting that the initial DNA radicals from TPZ and radiation are different. SR 4317 had favorable pharmacokinetic properties in CD-1 nude mice; coadministration with TPZ provided a large increase in the SR 4317 plasma concentrations relative to that for endogenous SR 4317 from TPZ. It also showed excellent extravascular transport properties in oxic and anoxic HT29 multicellular layers (diffusion coefficient 3 ؋ 10 ؊6 cm 2 s
INTRODUCTION
Hypoxia contributes to tumor progression, and limits the response of tumors to radiotherapy and chemotherapy (1, 2) . However, tumor hypoxia can be turned to advantage by exploiting it to activate bioreductive prodrugs within tumors. The most advanced of the hypoxia-selective bioreductive drugs in clinical evaluation is TPZ (Tirapazamine; 1,2,4-benzotriazin-3-amine 1,4-dioxide, SR 4233), which showed significant activity in combination with cisplatin in a Phase III trial with non-small cell lung cancer (3) , and an interim analysis also suggests activity in a cisplatin-based chemoradiation randomized Phase II trial in advanced head and neck cancers (4) . However, there are significant toxicities associated with the clinical use of TPZ (including neutropenia, thrombocytopenia, diarrhea, nausea, vomiting, cramping, and fatigue) that preclude its administration at high enough doses to fully exploit tumor hypoxia throughout a treatment regimen. In addition, the differential toxicity of TPZ toward hypoxic cells in tumors (5) is much lower than in conventional (low cell density) cultures, in part because rapid metabolic consumption of TPZ compromises its extravascular diffusion into hypoxic tissue (6 -9) . The therapeutic selectivity of TPZ toward hypoxic tumor cells could be enhanced by improving its extravascular transport or by selectively increasing its cytotoxicity under hypoxic, but not aerobic, conditions.
The mechanism of the selective toxicity of TPZ under hypoxia involves enzymatic reduction by the addition of a single electron to form a radical anion (TPZ Ϫ• ), which ultimately results in DNA strand cleavage by a pathway that is only partially understood (Fig. 1 ). In the presence of oxygen TPZ Ϫ• is back-oxidized to regenerate TPZ, thus suppressing cytotoxicity in oxygenated cells. Under hypoxia the protonated TPZ radical disproportionates to form the nontoxic twoelectron reduction product 1,2,4-benzotriazin-3-amine 1-oxide (SR 4317), but also decays by a first-order process to a DNA-damaging oxidizing radical. The identity of the latter species is controversial, with evidence supporting decay of the protonated TPZ radical to form either OH
• (10 -12) or loss of H 2 O to form the benzotriazinyl radical, BTZ
• (13) . Abstraction of H by OH • or BTZ • produces DNA radicals, which lead to the double-strand breaks considered to be the probable cytotoxic lesion (14 -16) .
Jones and Weinfeld (17) first suggested that TPZ is also involved in a second reaction in the pathway to DNA breakage (Step 2 in Fig. 1 ) by "fixing" (oxidizing) the initial DNA radicals, thus filling an analogous role to that of O 2 in fixing radiation-induced DNA radicals. This "dual action" model was originally based on demonstration of oxidized phosphoglycolate residues in DNA incubated with a TPZ • generating system (TPZ/xanthine/xanthine oxidase) under anoxic conditions, and was subsequently supported by isotope transfer and kinetic studies showing oxidation of photolytically generated DNA radicals by TPZ in the absence of O 2 (18, 19) . Density function theory modeling supports the view that TPZ is capable of transferring an oxygen to a DNA sugar radical (20) .
The above studies with cell-free systems demonstrate the ability of TPZ to act as a radical oxidant, but it is not known whether this second step in the dual action of TPZ limits its cytotoxicity in cells. In this study we investigate whether DNA radical oxidation by TPZ limits its hypoxic cytotoxicity by taking advantage of the observation (19) that the nontoxic 2-electron reduction product from TPZ, SR 4317, oxidizes C1Ј-deoxyribosyl DNA radicals 3-fold more rapidly than does TPZ. Thus we investigate whether SR 4317 can potentiate the cytotoxicity of TPZ selectively under hypoxia and whether this might be a useful strategy for enhancing its therapeutic utility as a bioreductive drug.
MATERIALS AND METHODS
Compounds. TPZ and SR 4317 were synthesized in the Auckland Cancer Society Research Centre (21) and had a purity of Ͼ99% by high performance liquid chromatography. Synthesis of SN 29051 will be reported elsewhere. Stock solutions of TPZ, SR 4317, misonidazole [1-(2-nitroimidazol-1-yl)-3-methoxypropan-2-ol; MISO; Warner-Lambert, Ann Arbor, MI], and metronidazole (2-methyl-5-nitroimidazole-1-ethanol; METRO; Sigma, St. Louis, MO) at 300 mM in DMSO were stored at Ϫ80°C and used for IC 50 assays (final DMSO concentration Յ0.5%). Fresh solutions of SR 4317, SN 29051, MISO, and METRO in ␣MEM ϩ10% fetal bovine serum (FBS) ϩ100 IU/ml penicillin and 100 g/ml streptomycin were prepared for each clonogenic survival experiment, with concentrations checked by spectrophotometry. 9(10H)-acridone (Sigma-Aldrich, Castle Hill, NSW, Australia) was dissolved in DMSO. [ 14 C]Urea (specific activity 2.11 GBq/mmol) was from Amersham Pharmacia Biotech United Kingdom.
Cell Lines. Human colon carcinoma HT29 cells, human cervical carcinoma SiHa cells, human lung adenocarcinoma A549 cells, and human pharyngeal carcinoma FaDu cells were from American Type Culture Collection. Cell lines were maintained in ␣MEM with 5% v/v heat-inactivated FBS, without antibiotics, and were confirmed Mycoplasma free by PCR-ELISA (Roche Diagnostics GmbH).
Cytotoxicity: IC 50 Assays. Drug exposures were performed in 96-well plates (Nunc) as described previously (21) . Aerobic exposures were in a 37°C humidified incubator, and anoxic exposures in the incubator compartment (37°C) of a Pd-catalyst anaerobic chamber (Ͻ0.001% O 2 ; Shell Lab). For each experiment 600 FaDu cells and 1000 SiHa, A549, and HT29 cells were seeded in ␣MEM ϩ10% FBS ϩ100 IU/ml penicillin ϩ100 g/ml streptomycin ϩ10 mM added glucose ϩ100 M 2Ј-dCyd, and allowed to attach for 2 h. Cells were then exposed for 4 h to TPZ plus SR 4317 (0.75 mM) using serial 3-fold dilutions of TPZ in triplicate. Cells were then washed free of drug using the same medium without glucose/2Ј-dCyd and with FBS lowered to 5%, and allowed to grow in air at 37°C for 5 (aerobic exposures) or 6 (anoxic exposures) days. Plates were stained with sulforhodamine B (22) , and IC 50 values determined as the TPZ concentration required to inhibit cell growth to 50% of that of untreated controls.
Cytotoxicity: Clonogenic Assays. HT29 cells were obtained by trypsin dissociation of multicellular spheroids grown in spinner flasks in ␣MEM ϩ10% FBS ϩ100 IU/ml penicillin and 100 g/ml streptomycin. Continuously stirred drug solutions (9 ml at 1.11 ϫ final concentration) and single-cell suspensions (5 ϫ 10 6 cells/ml) were pregassed for 60 min under aerobic (air/5% CO 2 ), or hypoxic (N 2 /5% CO 2 , Ͻ0.01% O 2 ) conditions before addition of 1 ml cells to drug solutions to initiate exposure. Cells (5 ϫ 10 5 ) were sampled at various times, washed by centrifugation, and plated to determine colony formation. Plates were stained with methylene blue (0.2% in 50% ethanol) 14 days later, and colonies containing Ͼ50 cells were counted.
TPZ Metabolism in Cell Suspensions. Metabolism of TPZ to SR 4317 was assessed in HT29 cell suspensions under the same conditions as for the clonogenic assays, except the cell density was 2 ϫ 10 6 cells/ml and FBS was not used. SR 4317 was assayed in samples of extracellular medium using high performance liquid chromatography, with an Alltima C 8 5 m column (150 ϫ 2.1 mm; Alltech, Deerfield, IL) and an Agilent HP1100 equipped with a diode-array detector. Mobile phases were gradients of 80% acetonitrile (v/v) in 0.45 M ammonium formate (pH 4.5) at 0.3 ml/min. Quantitation was based on calibration curves in culture medium buffer.
Radiosensitizing Efficiency. Stirred suspensions of HT29 cells and drug solutions were gassed in a 37°C waterbath for 90 min under hypoxia as above. After the addition of 1-ml cells to drug solutions to give a final drug concentration of 0.6 mM, hypoxic cell suspensions were irradiated with an external beam cobalt-60 unit (dose rate 1.2 Gy/min). Cells were sampled after each dose increment (6 Gy), washed by centrifugation, and plated to determine cell survival by colony formation as above. Radiation survival curves were fitted using the linear-quadratic model.
Diffusion through Multicellular Layers (MCLs)
. HT29 MCLs were initiated by seeding 1 ϫ 10 6 cells onto collagen-coated Teflon microporous support membranes (Biopore; average thickness 30 m) in Millicell-CM cell culture inserts (Millipore Corporation, Bedford, MA) and were grown for 3 days submerged in stirred ␣MEM containing 10% FBS plus antibiotics as detailed previously (23, 24) . The kinetics of diffusion through HT29 MCLs was investigated in a diffusion chamber (25) , using a gas phase of 95% O 2 /5% CO 2 (oxic) or 95% N 2 /5% CO 2 (anoxic) with TPZ (25 M), SR 4317 (50 M), or 9(10H)-acridone (10 M) added to the donor compartment along with 14 C-urea (2 M) as an internal standard for determination of MCL thickness. The donor and receiver compartments were sampled hourly for 5 h. Radioactivity was determined by scintillation counting. TPZ, SR 4317, and 9(10H)-acridone were assayed by high performance liquid chromatography as above. The effective thickness of each MCL was determined from the urea flux using the known D MCL for urea in HT29 MCLs (9) . D MCL for TPZ, SR 4317, and 9(10H)-acridone were determined by fitting the concentration (c)-time (t) profiles in both the donor and receiver compartment to Fick's second law as described previously (Ref. 9; Eq. A). For TPZ under anoxia, metabolic consumption in the MCL was approximated as a first-order process with rate constant k met (Eq. A).
Pharmacokinetics and Toxicity in Mice. TPZ or SR 4317 was dissolved in DMSO, diluted in 19 volumes saline, and final concentrations determined by spectrophotometry. TPZ and SR 4317 were administered i.p. to CD-1 nude mice (0.02 ml/g body weight), individually or by coadministration, using 1.33-fold dose increments. The maximum tolerated dose (MTD) was determined as the highest dose that did not cause lethality or unacceptable morbidity (with no weight losses Ͼ15%) in a group of 6 mice, over an observation period of 28 days. On termination, eyeballs were collected from animals treated at the MTD, fixed in 10% neutral-buffered formalin for 24 h, and embedded in paraffin. Retinal toxicity was assessed in H&E sections as described previously (26) , except that toxicity was quantified using the outer nuclear layer (ONL): inner nuclear layer (INL) thickness ratio, which was measured at intervals of ϳ200 m along both retinas from each animal.
For pharmacokinetic studies serial blood samples were taken from the tail vein of restrained animals using a small incision to produce a droplet of blood (10 -20 l), which was collected in a heparinized hematocrit tube. The tube was sealed with hematocrit putty, held on ice for up to 0.5 h, and centrifuged. Plasma samples (5 l) were transferred to a microcentrifuge tube, and 400 l of ice-cold acetonitrile (80%; v/v) containing an internal standard [bis(2-chloroethyl)-N-methyl-N-(4-methyl-2-nitrobenzyl)-ammonium chloride] was added to deproteinize the sample. The samples were centrifuged briefly, and the supernatant was reduced to approximately 30 -50 l in a Speed-Vac concentrator (Savant Instruments, Farmingdale, NY). Ammonium formate (pH 4.5; 0.45 M) was added to give a final volume of ϳ200 l, and 100 l was analyzed by high performance liquid chromatography as above. Concentrations were calculated using a calibration curve of plasma samples spiked with known drug concentrations and assayed under the same conditions. On the basis of comparison of plasma calibration curves with standards in formate buffer, the recovery from plasma was Ͼ95%. Plasma concentrations of TPZ and SR 4317 were analyzed using a noncompartmental model with WinNonlin (v. 3.1; Pharsight Corporation, Mountain View, CA), and the area under the concentration-time curve was calculated for each animal by using the linear/ log trapezoidal rule and extrapolation to infinity.
Tumor Excision Assay. HT29 xenografts were grown in CD-1 nude mice by s.c. inoculation of 10 7 cells (prepared from spheroids as above). Mice were treated with single i.p. drug doses when tumors reached ϳ0.3 g, either alone or 5 min after whole body irradiation (20 Gy; Co-60) without restraint or anesthesia. Tumors were excised 18 h after treatment, minced, and dissociated by stirring in a 37°C waterbath for 45 min using an enzyme mixture (Pronase; Sigma, 2.5 mg/ml), collagenase (Sigma; 1 mg/ml) and DNAase I (Sigma; 0.2 mg/ml)) in culture medium, added at 1 ml/50 mg tumor. Cells were enumerated using an electronic particle counter (Beckman Coulter; model Z2), diluted and plated to determined clonogenic survival as above.
RESULTS
To evaluate whether the hypoxic cytotoxicity of TPZ can be potentiated by its metabolite SR 4317, HT29 cells were exposed to TPZ in the presence of SR 4317 at concentrations up to its solubility limit of ϳ0.9 mM, and killing was assessed by clonogenic assay (Fig. 2) . SR 4317 itself was nontoxic at this concentration under either aerobic or hypoxic conditions. Under aerobic conditions SR 4317 (0.9 mM) had no effect on the rate of killing by 2 mM TPZ ( Fig. 2A) , but under hypoxia it caused a concentration-dependent increase in killing (Fig. 2B) .
To confirm this hypoxia-selective potentiation of TPZ cytotoxicity, the ability of SR 4317 to enhance inhibition of cell proliferation by TPZ was evaluated in four human tumor cell lines using IC 50 assays (Table 1) 
The dose-response for enhancement of the hypoxic toxicity of TPZ, assessed by clonogenic assay of HT29 cell suspensions, confirmed this potentiation and showed the similar activity of SN 29051, an SR 4317 analogue with a basic dimethylaminoethyl sidechain (Fig. 3A) . The enhancement of the hypoxic cytotoxicity of TPZ by these benzotriazine mono-N-oxides could, in principle, be due to an enhancement of its reduction to the TPZ radical. To test this possibility, we examined the effect of SN 29051 on reduction of TPZ by hypoxic HT29 cells, quantifying SR 4317 as the major stable end product from one-electron reduction to the TPZ radical (Fig. 3B) . Using SN 29051 rather than SR 4317 as potentiator made it possible to avoid the problem of high background SR 4317 concentrations, facilitating measurement of SR 4317 formation. The fitted first order rate constant for SR 4317 formation was increased by 40% (0.17 versus 0.12 h -1 ) at the highest concentration of SN 29051 (1 mM), but there was no significant increase in SR 4317 formation at 0.03, 0.1, or 0.3 mM despite clear potentiation of cytotoxicity (Fig. 3A) at the latter concentration.
Given that nitroimidazole radiosensitizers are considered to enhance radiation damage by oxidizing DNA radicals (27), we tested whether the 2-nitroimidazole MISO and the 5-nitroimidazole METRO also potentiate the hypoxic cytotoxicity of TPZ, using the HT29 clonogenic assay (Fig. 3A) . The nitroimidazoles caused potentiation at nontoxic concentrations, but with an ϳ20-fold lower molar potency than the benzotriazine mono-N-oxides. Investigation of higher concentrations of the nitroimidazoles was precluded by their toxicity under hypoxic conditions.
The much greater effect of SR 4317 as a potentiator of TPZ cytotoxicity was unexpected given that MISO is at least as effective as SR 4317 in oxidizing photolytically generated C1Ј DNA radicals (19) . Therefore, we compared the ability of all three of the radical oxidants (at 0.6 mM) to radiosensitize hypoxic HT29 cells, using identical experimental conditions to those for the above cytotoxicity (clonogenic) assays (Fig. 4) . This confirmed the known greater radiosensitizing efficiency of MISO than METRO (28) and showed that SR 4317 is similar in potency to METRO as a hypoxic cell radiosensitizer.
These findings suggested the possibly utility of exogenous SR 4317 as a selective potentiator of the hypoxic cytotoxicity of TPZ in vivo. To evaluate whether SR 4317 has suitable pharmacological properties, we determined its plasma pharmacokinetics in CD-1 nude mice. First, we established the MTD of i.p. SR 4317 alone (MTD ϭ 1.33 mmol/ kg), TPZ alone (MTD ϭ 0.316 mmol/kg), and SR 4317 coadministered with a subeffective dose of TPZ (0.133 mmol/kg). The MTD of SR 4317 in the latter combination was 1.0 mmol/kg.
The pharmacokinetics of SR 4317 (1.0 mmol/kg), TPZ (0.133 mmol/kg), and the combination is shown in Fig. 5 . I.p administration of SR 4317 alone gave plasma concentrations that reached ϳ80 M by 30 min and remained Ͼ50 M for 2 h. TPZ was identified as a minor metabolite of SR 4317, based on its retention time and absorbance spectrum, reaching ϳ1.6 M. TPZ alone was cleared rapidly and resulted in average SR 4317 plasma concentrations of up to 25 M. Coadministration of both compounds gave enhanced SR 4317 concentrations (still Ͼ100 M at 2 h) but had little if any effect on TPZ pharmacokinetics; the TPZ area under the concentration-time curve for TPZ alone (46.2 Ϯ 2.1 M.h; mean Ϯ SE, n ϭ 5) was not significantly different (P ϭ 0.330, two-tailed t test) from that for TPZ ϩ SR 4317 (55.1 Ϯ 9.3 M.h; n ϭ 4). Thus, it is possible to achieve concentrations of SR 4317 in plasma that are well above the levels seen with TPZ alone and that are consistent with significant potentiation of the hypoxic cytotoxicity of TPZ (Fig. 3) .
We investigated the extravascular transport properties of SR 4317 in the MCL model to assess whether it is likely to reach hypoxic cells in tumor tissue after systemic administration (Fig. 6) . The flux of TPZ through oxic MCLs gave an estimated diffusion coefficient (D MCL ) of (0.41 Ϯ 0.02) ϫ 10 Ϫ6 cm 2 s Ϫ1 (n ϭ 3). Transport of TPZ through MCLs was much slower under anoxic conditions, which could be accounted for by assuming metabolic consumption under anoxia with an apparent first order rate constant k met of (0.75 Ϯ 0.06) ϫ min Ϫ1 in the MCL. These values are in good agreement with previous determinations (9) . Flux of SR 4317 through HT29 MCLs was the same under oxic and anoxic conditions, with a fitted value of D MCL of (2.96 Ϯ 0.12) ϫ 10 Ϫ6 cm 2 s Ϫ1 (n ϭ 6). This was 7.5-fold higher than the aerobic TPZ value, and similar to the lipophilic internal standard 9(10H)-acridone [D MCL ϭ (3.62 Ϯ 0.13) ϫ 10 Ϫ6 cm 2 s Ϫ1 (n ϭ 6)]. Given these favorable pharmacokinetic properties, the ability of exogenous SR 4317 to potentiate hypoxic cell killing by TPZ in HT29 tumors was evaluated by clonogenic assay 18 h after treatment of mice at the same drug doses as used in the pharmacokinetic study (Fig. 7) . In this experiment, a single large dose of ionizing radiation (20 Gy) was used to sterilize oxic cells, and the ability of the drugs to kill the hypoxic survivors was assessed by i.p. injection immediately after irradiation. At this suboptimal dose, TPZ alone did not cause statistically significant hypoxic cell killing. SR 4317 was also without activity, either with TPZ or with radiation, but showed marked activity when combined with TPZ postirradiation. Thus, SR 4317 is able to enhance hypoxic cell killing by TPZ in HT29 human tumor xenografts.
Previous studies have shown that a single i.p. dose of TPZ at the MTD causes extensive loss of photoreceptors in C57Bl6 mice as a result of hypoxia in the retina (26) . We confirmed this toxicity of TPZ (0.316 mmol/kg) in CD-1 nude mice, with marked thinning of the ONL in some animals and complete loss in others (Fig. 8) . In contrast, the combination of TPZ with SR 4317 (at the MTD of the combination, 0.133 mmol/kg TPZ, 1.0 mmol/kg SR 4317) did not cause retinal toxicity in these animals (Fig. 8) . The ratio of thickness of ONL/INL for mice treated with TPZ ϩ SR 4317 (1.36 Ϯ 0.11, mean Ϯ SD) was not significantly different (P ϭ 0.2, t test) from controls (1.49 Ϯ 0.14). Thus, the combination of TPZ with SR 4317 permits use of a lower dose of TPZ that gives activity against hypoxic cells in HT29 tumors, while reducing toxicity against hypoxic cells in a critical normal tissue.
DISCUSSION
The present study demonstrates that the stable 2-electron reduced metabolite of TPZ, SR 4317, enhances the cytotoxicity of TPZ selectively under hypoxic conditions when added exogenously to cell cultures. This potentiation was seen in all four of the human tumor lines examined and resulted in hypoxic cytotoxicity ratio values 2-3-fold higher than in the absence of SR 4317. This finding is consistent with the dual action model for TPZ, which proposes that two distinct steps are required to generate cytotoxic DNA lesions (17, 18) . In this model the first step is H-abstraction from DNA by an oxidizing radical derived from the initial one-electron reduced TPZ radical, and the second step is the additional oxidation (fixation) of the initial DNA radicals. There is solid evidence in cell-free systems that TPZ or SR 4317 can effect this second oxidation by oxygen transfer to deoxyribosyl radicals (19) . The present findings strongly suggest that the DNA radical oxidation reaction is a limiting step in the development of the ultimate cytotoxic lesion. This is consistent with our recent demonstration that the rate of anoxic cell killing by TPZ is proportional to the square of its concentration, which is also compatible with the dual action model (9) .
A possible alternative explanation for the observed potentiation would be that SR 4317 enhances the one-electron reduction of TPZ. There is no obvious mechanism for such an enhancement, but surprisingly we did find a small increase in metabolism of TPZ to SR 4317 in the presence of a high concentration of the SR 4317 analogue SN 29051. However, this appears not to be the main mechanism of the interaction because potentiation of cytotoxicity is seen at 0.3 mM SN 29051 (Fig. 3A) without enhancement of TPZ metabolism (Fig. 3B) . In addition, the ability of SR 4317 to potentiate cell killing by radiation (Fig. 4) confirms its activity as a DNA radical oxidant.
Our findings leave open the question as to whether metabolic formation of SR 4317 from TPZ contributes to DNA radical fixation in cell culture and tumors, or whether TPZ itself is the main mediator of the second step. On the basis of recent studies of SR 4317 formation from TPZ in HT29 cultures (9) , the SR 4317 concentrations from TPZ under the conditions of Fig. 3 (30 M TPZ, 5 ϫ 10 5 cells/ml) would be ϳ1 M at the end of the 1-h exposure period. The dose-response curve for exogenous SR 4317 (Fig. 3) shows only a marginal effect on addition of 30 M SR 4317, so it seems unlikely that metabolic formation of SR 4317 makes a major contribution in vitro, although it may play a larger role in tumors when the SR 4317:TPZ ratio is higher (29) .
The demonstration that exogenous SR 4317 augments hypoxic cytotoxicity of TPZ selectively in vitro suggests the potential of relatively nontoxic benzotriazine mono-N-oxides as therapeutic agents in combination with TPZ. We show that SR 4317 itself has suitable pharmacological properties in this context; it strongly augments SR 4317 plasma concentrations at well-tolerated doses, relative to endogenous levels, without modifying the pharmacokinetics of TPZ significantly (Fig. 5) . We observed that SR 4317 is oxidized to TPZ in mice (Fig. 5) , which has not been reported previously, but this appears to be a minor pathway, and no other SR 4317 metabolites were observed. Importantly, SR 4317 diffused rapidly through HT29 MCLs under both aerobic and hypoxic conditions (Fig. 6) ) and probably close to the theoretical limit for a molecule of this size in HT29 tissue. 4 Thus, SR 4317 has excellent extravascular transport properties, and exogenously administered SR 4317 can be expected to considerably elevate SR 4317 concentrations in hypoxic regions of tumors.
This expectation is borne out by the potentiation of hypoxic cell killing in HT29 tumors when SR 4317 is coadministered with a subtherapeutic dose of TPZ, whereas the lack of effect of SR 4317 ϩ TPZ in the absence of radiation indicates that this combination does not cause oxic cell killing (Fig. 7) . Clearly, these results will require extension to other xenograft models, and the toxicology of the combination will require more detailed evaluation to assess effects on TPZ toxicity to normal tissues. In this regard, it is interesting to find that the combination of TPZ ϩ SR 4317 lacks the characteristic retinal toxicity of TPZ when both the combination and single agent are compared at their respective MTDs (Fig. 8) . Thus, addition of SR 4317 to TPZ makes it possible to achieve hypoxic cell killing in HT29 tumors without damaging a critical hypoxic normal tissue.
Despite these encouraging results, SR 4317 itself is not appropriate for clinical investigation because of its low aqueous solubility (approximately 0.9 -1 mM); in the present studies it was administered as a fine suspension in 5% DMSO/saline. In seeking a clinical candidate, the question then arises as to what structural/physicochemical features are required for efficient "step 2" potentiation of the hypoxic cytotoxicity of TPZ. Given that nitroimidazoles are well-characterized DNA radical oxidants (which underlies their use as hypoxic cell radiosensitizers) and have already received extensive clinical evaluation with radiotherapy (30), we investigated whether MISO or METRO would act as efficient TPZ potentiators. On the basis of its 2-fold higher rate constant for reaction with a C1Ј radical in DNA (19), we expected MISO to be more efficient than SR 4317 as a TPZ potentiator, but both the nitroimidazoles were ϳ20-fold less potent that SR 4317 in this assay (Fig. 3) . This surprising result led us to compare radiosensitization of hypoxic HT29 cells under identical experimental conditions (Fig. 4) . The structure-activity relationships for radiosensitization (MISO Ͼ METRO Ϸ SR 4317) were different from TPZ potentiation (SR 4317 Ͼ MISO Ϸ METRO). The corollary of this observation would seem to be that the primary DNA damage by radiation (which is due primarily to clustered OH radicals; Ref. 31) and metabolically reduced TPZ must be different. This supports the hypothesis that the key DNA-damaging radical from TPZ is the benzotriazinyl radical BTZ• as proposed by Anderson et al. (13) rather than the OH radical (Fig. 1 ). An alternative possibility is that the key target for TPZ radical damage is not DNA itself but an associated molecule such as topoisomerase II, which has been implicated in TPZinduced DNA breakage and cytotoxicity under hypoxia (32) .
We are currently screening benzotriazine-N-oxides with improved formulation properties and have identified recently analogs such as SN 29051, which provide higher tirapazamine potentiation ratios at their solubility limits. The mechanism of potentiation, therapeutic activity, and toxicology of these analogs are under investigation to define more clearly the therapeutic potential of this class in combination with TPZ for radiotherapy and chemoradiation.
